We investigated the field emission characteristics from the planar field emitters made of double-walled carbon nanotubes (DWCNTs) synthesized by a catalytic chemical vapor deposition (CCVD) method. Transmission electron microscopy, Thermogravimetric and Raman analysis showed that the carbon materials have a low defect level in their atomic carbon structure, pointing to the synthesis of high-purity DWCNTs. For field emission properties of DWCNTs, the turn-on field of DWCNTs was 1.9 V/μm and the current density was about 74 mA/cm 2 at 8.1 V/μm, which is sufficient for the applications of field emission displays and vacuum microelectronic devices. The DWCNT field emitters also exhibited a uniform field emission pattern and good field emission stability in a diode configuration.
Ⅰ. INTRODUCTION
Since the first discovery of carbon nanotubes (CNTs) in 1991 [1] , considerable progress has been made in the synthesis and characterization of CNTs [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Many research groups have also actively developed their potential applications [14] [15] [16] [17] [18] [19] . Among the many potential applications, CNTs have been considered as an ideal field emitter material due to their high aspect ratio and strong C-C covalent bonds in graphene layers [14] . Many researchers have investigated the field emission properties of CNTs in order to apply CNTs to various vacuum microelectronic devices such as field emission displays (FEDs), lamps, x-ray sources, and high-resolution electron beam instruments.
CNTs can be classified into three kinds, viz. single-walled CNTs (SWCNTs), double-walled CNTs (DWCNTs), and multi-walled CNTs (MWCNTs), depending on their tubular structure. Of these, the structure, consisting of two coaxial graphene layers, of DWCNTs is intermediate between those of SWCNTs and MWCNTs. Therefore, a study of DWCNTs should allow us to better understand the structures, basic properties, and practical applications of CNTs [20, 21] . Compared with SWCNTs and MWCNTs, DWCNTs have outstanding electrical and mechanical properties due to their coaxial structure reflected in their good electrical conductivity and structural stability [20] . Thus, DWCNTs have the potential to be used in numerous applications in diverse areas in the near future because of their unique structure and properties. 한국진공학회지 between the DWCNTs and the substrate. Then, the DWCNTs were vertically oriented by a mechanical surface modification to activate using an adhesive tape [27] . We performed field emission measurements through a planar diode configuration in a vacuum chamber at a pressure of less than 2 × 10 -7 Torr. seemed to form a layer network and had a clean surface morphology with a high density of bundles.
These results revealed that the purified carbon filaments with uniform bundle diameters, ranging from 12 to 29 nm, were produced in fairly high yields. indicating that high-quality DWCNTs were obtained in our experiment. It is known that the radial breathing mode (RBM) can be detected for DWCNTs [32] . Moreover, it was also reported that the same formula could be applied to a SWCNT bundle to calculate the diameter of the DWCNTs within the bundle [33] . In this work, we adopted the expression ω = 14 This kind of decrease of the emission current density in the low electric field segment was quite similar to the result reported by Dean et al. [25] , where the effect of the adsorbates on the field emission was described. The F-N plots corresponding to J-E curves are shown in Fig. 3(d) . Firstly, it can be seen that the F-N plot can be divided into two segments: low and high electric field segments. Secondly, it can be seen that the high electric field segment is shrunk and the low electric field segment is shifted to the left as the electric field sweep is repeated. However, after several electric field sweeps, the low electric field segment does not shift to the left any more and we can obtain a reproducible F-N plot. The behavior such as shifting to the left in the F-N plot can be explained by the desorption of adsorbates [24] . Since the DWCNT field emitters were exposed to the air before the field emission measurements, the surface of the emitters must have been covered with adsorbates. These adsorbates can increase the field emission current from the CNT emitters. Conversely, the desorption of these adsorbates can induce a decrease of the field emission current, resulting in this behavior [25] . It is possible that some of the adsorbates released from the surface of the DWCNT field emitters during the first several electric field sweeps can be re-adsorbed on the surface of the DWCNT field emitters during the voltage ramping down. As a result, we needed to make several electric field sweeps to completely desorb the absorbates in our experiment.
A typical turn-on field from the stable J-E curve, which produces a current density of 0.1 A/cm 2 , is about 1.9 V/μm. It is expected that the turn-on field of the DWCNTs for electron emission may be as low as that of the SWCNTs because of the unique structure of the DWCNTs with small diameters and two graphene layers.
In fact, this turn-on field was a little lower than that of arc-SWCNTs [35] . Recently, there have been some reports on the field emission properties of the DWCNTs.
The screen-printed DWCNT filmshowed a turn-on field of 1.33 -1.78 V/μm at an emission current density of 1.0 mA/cm 2 and an emission current density of 0.1-1.7 We suggest that our DWCNTs, synthesized by CCVD using n-hexane as a carbon source, exhibited good field emission performances. Moreover, in this work, we achieved a current density of about 74 mA/cm 2 at a high electric field of about 8.1 V/μm from our DWCNT field emittersin a diode configuration.
We also investigated the stability of field emission through the lifetime measurements for the DWCNT field emitters. The initial emission current density was 1.0 mA/cm 2 and then we fixed the applied electric field at 3.1 V/μm for 25 hrs. From Fig. 4 , the DWCNT field emitters showed a slight degradation after 25 hrs, indicating a very stable field emission. Compared with the previously reported emission stability of the SWCNTs, the emission stability of the DWCNTs was much better than that of the SWCNTs [30] . We believe that the stable emission properties were caused by two graphene layers and good crystallinity. In fact, the 
